Monitoring the biodegradation process of magnesium and its alloys in vivo is challenging. Currently, this process is monitored by micro-CT and X-ray imaging in vivo, which require large and costly instrumentation. Here we report a simple and effective methodology to monitor the biodegradation process in vivo by sensing H 2 transdermally above a magnesium sample implanted subcutaneously in a mouse. An electrochemical H 2 microsensor was used to measure the biodegradation product H 2 at the surface of the skin for two magnesium alloys (ZK40 and AZ31) and one high purity magnesium single crystal (Mg8H). The sensor was able to easily detect low levels of H 2 (30-400 lM) permeating through the skin with a response time of about 30 s. H 2 levels were correlated with the biodegradation rate as determined from weight loss measurements of the implants. This new method is noninvasive, fast and requires no major equipment.
Introduction
Biodegradable implants such as plates and screws for bone repair offer many advantages over the permanent stainless steel and titanium implants used today [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Importantly, implants based on biodegradable materials eventually dissolve when no longer needed, eliminating the need for surgically removing the devices later if complications arise. Magnesium based alloys are an exceptionally good candidate for several reasons. Magnesium is a light weight metal (1.74-2.0 g/cm 3 ) that closely matches the density of bone (1.8-2.1 g/cm 3 ) [11] . Magnesium based alloys are also typically 4.5 times and 3.3 times less dense than stainless steel and titanium based alloys, respectively [11] [12] . Magnesium alloys have a modulus of elasticity of $45 GPa, which is very close to that of human bone (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) [1, 7, [13] [14] . These properties lessen the stress shielding and the associated loss of bone density. Moreover, magnesium is biocompatible, and a relatively large amount of magnesium is tolerated by the body without ill effects [15] . Additionally, due to functional roles and presence in bone tissues, magnesium has stimulatory effects on the growth of new bone tissue [11, [16] [17] [18] [19] . The rate of biodegradation can be controlled by using alloys or coatings to match the needs of the application [3, 20] .
Magnesium and its alloys degrade in aqueous environments, generating magnesium (Mg 2+ ) and hydroxide (OH À ) ions, as well as hydrogen (H 2 ) gas. When the pH becomes sufficiently basic, OH À reacts with Mg 2+ to precipitate as magnesium hydroxide (Mg(OH) 2 ) on the surface. One molecule of H 2 is liberated for every mole of metallic Mg that biodegrades. Thus, measuring the evolved H 2 allows a direct measurement reflecting the corrosion of magnesium [21] . Because 1 mL of H 2 evolved approximately corresponds to 1 mg of magnesium dissolved [22] , measuring H 2 evolution rate is equivalent to measuring the biodegradation or corrosion rate of a magnesium alloy [23] [24] . So far, the measurement of H 2 evolution is mostly performed in vitro by measuring the generated H 2 volume [21] [22] [23] . This method is cumbersome, and moreover, the H 2 gas collection instruments often suffer leakage. Monitoring the biodegradation process in vivo can be done by micro-CT, which requires a major equipment investment, and by X-ray absorption, which is also expensive, involves exposure to radiation [8] [9] [25] [26] [27] [28] [29] [30] , and requires further time consuming complex analysis involving understanding the difference in X-ray absorption coefficients of the different corrosion products formed for quantization. Therefore, a simple and effective in vivo H 2 sensing method is needed for animal testing of alloys and devices.
Monitoring biodegradation in vivo by sensing the corrosion product H 2 has numerous advantages over sensing the other corrosion products OH À and Mg 2+ . First, only H 2 has the possibility of being monitored noninvasively because of its high permeability through skin [31] [32] [33] . This is a significant advantage compared to the surgical insertion of a sensor as would be the case for pH or Mg 2+ . Noninvasive measurement also means that the sensor would not be subject to possible interferences by components of biological fluids or biofouling. Second, no significant background level of H 2 exists in mammals that needs to be corrected for. For example, the concentration of H 2 in mouse blood is only ca. 1 lM [34] .
Background level is an issue with Mg 2+ where a relatively high concentration exists in vivo (Mg 2+ concentration in adult serum is 0.75-0.95 mM [35] ). A sensor for Mg 2+ would need to have sufficient precision to detect small increases due to biodegradation above this substantial background. Also, the commonly used electrochemical sensor for Mg 2+ , an ion-selective electrode, suffers serious interference from Ca 2+ , which exits in vivo at a higher concentration (ca. 2.0-2.6 mM in adult serum [35] ). Third, H 2 is relatively nonreactive in biological media, making it a robust biodegradation marker [36] [37] [38] [39] [40] . By comparison, released OH À will be consumed by buffer, which severely compromises the measurement of pH for monitoring biodegradation. Furthermore, Mg 2+ reacts with various anions such as OH À and carbonate to form precipitates and with naturally occurring organic ligands (such as lactate and citrate) and proteins to form complexes that might obscure it from a sensor such as an ion-selective electrode [41] [42] . Fourth, a commercially available electrochemical H 2 sensor with excellent limit of detection and selectivity already exists [31, 43] .
The formation of gas cavities associated with implanted Mg alloys has been widely reported in literature [44] [45] [46] . However, the concentration of H 2 in these cavities was not clearly known, as only a few studies using techniques not specific for H 2 were done when magnesium was first tested as an implant over 60 years ago [47] [48] . Nothing was reported since that time and most researchers assumed that these cavities contain primarily H 2 [2, 23, [49] [50] . We tested this assumption by implanting rapidly degrading Mg alloy (Mg-4 wt%Y-0.5 wt%Gd-2 wt%Nd-0.5 wt%Dy) discs subcutaneously in mice and determining the concentration of H 2 gas using an electrochemical H 2 sensor that was inserted into the cavities through incisions made in the skin. The results were confirmed by gas chromatography-mass spectrometry (GC-MS) [31] . Two significant discoveries were made: (1) First, the concentration of H 2 in the gas cavities was actually very low, even shortly after formation of the cavities. The H 2 concentrations in the gas cavities measured with the sensor one, two and five days after surgery ranged from 95 ± 34 lM (0.22 ± 0.08 vol.%) to 428 ± 35 lM (0.97 ± 0.08 vol.%). These low levels of H 2 were confirmed using GC-MS on samples collected from the gas cavities by a syringe. Thus, the levels of H 2 in the gas cavities were found to be consistently less than only 1%. The balance of the gas was carbon dioxide and oxygen, both measured by GC-MS, and presumably nitrogen, which could not be quantified as it was the carrier gas in the GC. These results point to very fast transport of H 2 directly through the biological tissue surrounding the implant. It should also be noted that H 2 is not very soluble in water, the concentration at saturation being only 805 lM at 20°C at sea level [51] [52] . The low H 2 levels in the gas cavities can be explained by this fast transport combined with the low solubility of H 2 in aqueous biological fluids and cells. (2) Second, measurements made noninvasively by just pressing the sensor tip against the skin covering the implant were similar to those made invasively by inserting the sensor tip inside the cavity. This observation confirms the extraordinarily fast transport of H 2 through biological tissues such as skin. Most importantly from a practical point of view, this means that H 2 levels in vivo can potentially be tracked noninvasively by a H 2 sensor measuring transdermally by simply pressing it against the skin. Realizing that the skin is so permeable to H 2 and that the electrochemical H 2 sensor is extremely sensitive has indeed opened the pathway to develop non-invasive H 2 sensing as an effective way to track in vivo biodegradation rates of magnesium implants [31] .
Here we report the transdermal measurement of H 2 from three biodegrading alloys implanted subcutaneously in mice with an electrochemical H 2 sensor. We also correlate the H 2 levels with the biodegradation rates obtained by weight loss of the explanted alloys. To the best of our knowledge, this is the first time that measuring H 2 transdermally with a H 2 sensor has been a routine part of a subcutaneous evaluation of Mg alloys. The measurements are rapidly made noninvasively by just pressing the sensor tip against the skin covering the implant. No major equipment is required such as with micro-CT and X-ray and moreover, there is no exposure to X-ray radiation. This simple method opens the way to developing non-invasive H 2 sensing as an effective way to track biodegradation rates of Mg and its alloys in vivo and noninvasively.
Experimental

Implant materials
The Mg alloy ZK40 with Mg-4 wt% Zn-0.5 wt% Zr-1.4 wt% Cu-0.2 wt% Fe-0.3 wt% Mn-1.8 wt% Ni-0.7 wt% Si was prepared by a previously described method [6] . AZ31 alloy that contained 2.5-3.5 wt% Al, 0.6-1.4 wt% Zn and 0.2-1.0 wt% Mn with the remainder being Mg was purchased from Goodfellow (Oakdale, PA). The processing of the alloy was based on a previous method [4] . Typical preparation of the high purity magnesium single crystal Mg8H is described below. A crystal grower made by CVD Equipment Corporation was employed as a main tool. The initial poly-crystalline magnesium with purity of 99.95% (Alfa Aesar) was used as raw material to grow single crystals. A graphite crucible with a tapered shape was used to contain the molten material which was enclosed in an external holder made of a special grade stainless steel. The growth process took place in a vertical quartz tube under argon flow. The tube was surrounded by a vertical crystal furnace. The furnace had two temperature zones to create and control an appro-priate temperature gradient in the crucible. The melt was soaked for 8 h to enable complete homogenization. The single crystal was thereafter grown from the melt by controlled withdrawal of the furnace chamber under a suitable thermal gradient. This technique is known as the Bridgman-Stockbarger approach. A typical magnesium single crystal with length of 45 mm, diameter of 6.5 mm and orientation close to (0 0 0 1) was used in this study. The crystal was diced into discs of 5 mm diameter and 2 mm thickness by electrical discharge machining (EDM). The discs were hand polished using 600 grit and 1200 grit SiC paper in isopropyl alcohol. After every polishing pass, the individual discs were sonicated in ethanol for 2 min and then air dried.
Procedures on laboratory mice
Specific pathogen-free female athymic nude mice were purchased from Harlan Laboratory (Indianapolis, IN) and used when they were 8-10 weeks of age. The mice were maintained in a facility approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the U.S. Department of Agriculture, U.S. Department of Health and Human Services, and NIH. The animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) and executed according to IACUC guidelines. An in vivo murine subcutaneous study was conducted to explore any acute host response to AZ31, ZK40, and Mg8H samples. Implantation into mice (3 mice/sample type) was performed at the University of Cincinnati. For this test, discs of 5 mm diameter and 1.4 mm thickness were sectioned from the AZ31, ZK40, and Mg8H alloy specimens. The disc samples were then sonicated in acetone and air dried. For sterilization, the pellets were placed in 70% ethanol for 5 min, rinsed with Dulbecco's phosphate buffer saline (DPBS, KCl 2.7 mM, KH 2 PO 4 , (1.5 mM), NaCl (138 mM), Na 2 HPO 4 anhydrous (8.1 mM), pH 7.0) and then irradiated under UV light for 20 min on each side of the discs. Healthy nude mice were housed under controlled conditions and maintained with a standard diet and water. All the mice were anesthetized with isoflurane and a small skin incision was made to create a subcutaneous pocket on the back of the mouse. Mg alloys were inserted into the pocket, and the incision was closed with surgical staples. After two months, the mice were sacrificed under CO 2 , and the alloys were explanted for further characterization.
H 2 measurement by amperometric H 2 sensor
Amperometric H 2 measurements were performed using a H 2 microsensor (50 lm tip diameter, H 2 -50) connected to a multimeter (both from Unisense, Aarhus, Denmark) polarized at +1000 mV for at least 1 h. After a stable current in the low picoampere range was established, the amperometric sensor was ready for use. Before each series of measurements, the H 2 microsensor was calibrated following the manufacturer's recommendations. For calibration, high purity H 2 gas was bubbled through water until H 2 saturation was reached. Then, the saturated H 2 water solution was diluted to various concentrations with deionized water. For each solution, 6 measurements were made based on the saturation percentage (0%, 20%, 40%, 60%, 80% and 100% saturated solution). The steady state current was calculated from the average of the steady state signal data points taken during each measurement. H 2 saturated water is 0.8 mM at room temperature [51, 52] ; correspondingly, the diluted H 2 containing solutions were calculated based on their percentage saturation. For each measurement, the hydrogen sensor tip was immersed in the H 2 calibrant for 3 min and a current vs. H 2 concentration calibration curve was plotted. In vivo measurements were converted into H 2 concentration based on the calibration plots.
For in vivo measurements, the microsensor was positioned with a micromanipulator [31] . Measurements were taken by touching the sensor tip on the skin above the gas cavity near the implant area and other locations as noted in the figures. As a control, measurements were taken on top of the skin in an area away from the gas cavity such as the tail. The current obtained from the H 2 sensor was converted to H 2 concentration using a calibration curve generated from known levels of H 2 saturated water (vide supra).
2.4. H 2 microsensor for transdermal sensing of H 2 from subcutaneous magnesium implants in mice H 2 sensing was performed with an electrochemical sensor in which a constant potential is applied to the working electrode and the resulting current is measured (amperometric sensor) [51, 53] . Hydrogen is detected by its electrochemical oxidation to protons at a platinum electrode inside the sensor:
The tip of the sensor is very small ($50 lm diameter), which enables measurements to be made at a precise point. The tip contains a plug of silicone rubber membrane through which the H 2 passes in order to be detected. This feature makes the sensor extraordinarily specific for H 2 . The limit of detection (0.01%, 0.1 lM in water) is sufficiently low to easily measure the very low levels of H 2 that are involved in these experiments.
The sensor was used to make each in vivo measurement by gently pressing the tip against the skin of an anesthetized mouse, either with a precisely adjustable micro positioner as shown in Fig. 1 or by hand. This measurement procedure is similar to that described for non-invasive measurements in our earlier report [31] . Each measurement required about 30 s for a steady state signal to be achieved. However, to achieve the stablest H 2 signal and more accurate measurements, measurements taken for 3 min or longer. The sensor was calibrated before each series of measurements and then again immediately afterwards to be sure the sensor response had not drifted.
Statistical analysis
H 2 concentrations are expressed as the mean ± SD (standard deviation) unless indicated otherwise. For statistical analysis of Fig. 1 . H 2 microsensor assembled on a micromanipulator for measuring H 2 transdermally from a Mg alloy implanted subcutaneously in a mouse. The sensor tip is in direct contact with the mouse skin. H 2 generated by the magnesium alloy corrosion, measurements were made on 3 mice per sample type (AZ31, Mg8H and ZK40). The obtained H 2 concentration means were statistically assessed for significant differences using the Student's t test. The comparison of H 2 concentrations at different spots on mice with the same/different implanted subcutaneously alloys was made based on the means where a confidence level of 95% or greater was considered significant.
Results and discussion
3.1. Transdermal sensing of H 2 from a medium biodegrading subcutaneous Mg implant Transdermal H 2 sensing was first explored using Mg8H polycrystalline alloy. The biodegradation rate of this alloy is sufficiently fast to create enough H 2 gas to form visible gas cavities protruding from the skin when implanted subcutaneously in mice. Gas cavities with this alloy became visible within 24 h after implantation and increased in size until they became quite large. H 2 measure-ments were made once a week after implantation for all the alloys (vide infra). Fig. 2a shows the gas cavity of a nude mouse 1 week after implanting a disc of Mg8H. The gas was released after 1 week due to animal welfare concerns associated with the very large size of gas cavities.
The sensor responses to positioning the tip at multiple locations on the mouse as marked in Fig. 2a -on the cavity, immediately adjacent to the cavity, and far from the cavity -are shown in Fig. 2b . The H 2 permeating through the skin of the mouse on top of the cavity gives a substantial signal that is easily detected. Our previous study showed that these levels are representative of H 2 concentrations found inside the cavity [31] . H 2 levels measured at the points indicated in Fig. 2a provide a ''map" of H 2 permeation through the skin. The noisy sections are due to the motion of the H 2 amperometric sensor when it was moved to a different position on the mouse skin. The average responses of the current for each measurement point are shown graphically in Fig. 2c after conversion to concentrations of H 2 obtained from the currents by means of a calibration curve. Error bars are standard deviations for measurements made on three mice (N = 3) (vide infra). As expected the highest levels of H 2 (100-200 lM) were found when the sensor tip was placed directly on the cavity that surrounds the implant (points 3-6 and 11-15). Some variability in H 2 was found depending on exactly where the tip was placed on the cavity. This variability might be due to variation in the skin thickness due to stretching from the inflation by the gas or variation in the inner structure of the cavity, which was reported earlier [31] . When the sensor tip was moved off of the cavity, H 2 was still detected from the skin immediately adjacent to the cavity, but at considerably lower concentrations (points [16] [17] . Measurements toward the head and the tail (points 1, 2 and 7-10) gave signals that were just above the blank which was measured in the air. The low H 2 concentration of 1.0-7.3 lM measured at distances far from the implant, such as the tail and head, is attributed to a background signal arising from aerobic bacteria in the food digestion process [34] . H 2 concentrations measured in control mice with no implant showed this same very low level of H 2 at all points measured including the region of the back where implants were positioned in the test mice. This background level in the control mice and in the test mice at distances far from the implant also agrees with hydrogen concentrations of 1.0 lM in literature reports [34] . This observation suggests that H 2 transported around the body by the vascular system is detected, although the concentration is very low.
To test the repeatability of the H 2 measurements for a specific point on the cavity, the H 2 was measured at the same spot with and without the micromanipulator (hand held). Six measurements using the micromanipulator gave an average value of 261 ± 17 pA, whereas four measurements made by hand gave an average value of 243 ± 19 pA. These results show that measured values of H 2 at a particular point are very reproducible and that the hand held approach is almost as good as using the micromanipulator (Fig. S1) . In order to get the best precision, the sensor tip must be gently pressed against the mouse skin in a reproducible manner. Measurements made with the tip held only slightly above the surface give lower values because of the fast diffusion of H 2 in air. These results show that H 2 transdermal detection is indeed repeatable.
A major strength of this non-invasive method for detecting in vivo biodegradation is the ability to perform repeated measurements on the same animal over time. This was demonstrated by monitoring H 2 for three mice (N = 3) over the 2-month period during which the alloys remained implanted. The H 2 concentration was measured at the skin centered above the implanted Mg8H once a week. As seen from Fig. 2d , H 2 concentration was similar for the first 3 weeks, then it decreased with time. H 2 concentration decreased to 50% at 8 weeks compared to the first week. This decreasing H 2 concentration with time is expected due to the slowing corrosion caused by the formation of an increasingly thick corrosion layer of Mg(OH) 2 , and MgCO 3 that coats the implant surface [31] .
Transdermal sensing of H 2 from a slowly biodegrading subcutaneous Mg implant
A more slowly corroding alloy of magnesium, AZ31 that generates H 2 too slowly to form a visible cavity was also examined. As shown in Fig. 3a , no H 2 cavity is discernable on the mouse, just a bump showing the outline of the implanted Mg disc. The absence of the gas cavity confirms that the biodegradation of AZ31 is much slower than that of Mg8H. Figs. 3b-c show the real-time sensor responses and hydrogen levels for a variety of measurement spots from head to tail and going across the implant area, similar to the Mg8H alloy navigation. Importantly, the H 2 generated by degradation of the implanted AZ31 permeating through the skin was still easily measureable by the H 2 microsensor, albeit the current levels were much lower. As seen from Fig. 3b-c , the H 2 concentration is highest through the skin directly over the center of the implant. Although the H 2 concentration at the edge area near the implant is lower, a measureable signal is still obtained. The current is up to 171 pA (36.4 lM) at the skin centered above the implanted AZ31 (spot 6); the current decreased to 66 pA (29.6 lM) and 62 pA (29.2 lM) for spots 5 and 7, respectively. As the distance increased from the implant, lower H 2 concentrations were detected. At the head area (spot 1), a very low concentration of H 2 was detected, which is similar to levels found in the blood for a mouse without any biodegradable implant [34] . Similarly, at spots 2-4 and 8-9, a very low concentration of H 2 was detectable. From these measurements, it is clearly seen that H 2 permeating through the skin is detectable even when no bubble is observed, although the H 2 concentration is very low. This observation points to extraordinary fast transport of H 2 through the skin. It also confirms that H 2 release from the implant degradation process is occurring even when no gas cavity is visible.
H 2 levels were monitored over the 2-month period during which the alloy remained implanted using the same procedure described above for Mg8H. The results in Fig. 3d show a relatively small decrease in H 2 concentration over the 2 months compared to Mg8H (Fig. 2d) . Even though the decrease is considerably less, statistical evaluation using the student's t test shows a significant difference between the first and last measurements at the 95% confidence level. This would indicate a consistent corrosion rate that decreased only gradually during the 2-month period. The smaller decrease in H 2 concentration is due to the slower corrosion rate of AZ31 compared to Mg8H. Since much less H 2 gas was generated during the corrosion process of AZ31, the weekly release of the gas bubbles was not necessary. In addition, the corrosion layer of Mg(OH) 2 and MgCO 3 on the explanted AZ31 samples was much thinner compared to the faster corroding Mg8H samples.
Transdermal sensing of H 2 from a very rapidly biodegrading subcutaneous Mg implant
For comparison, an exceptionally fast corroding alloy, ZK40, was also examined. The faster corrosion rate expectedly released more H 2 , which resulted in much higher signals from the sensor as shown in Fig. S2 . In the case of ZK40, the H 2 sensor current is up to 620 pA (360 lM) at the bubble center, which is much higher than that in the case of AZ31 (171 pA, 36.4 lM) at a similar position. The H 2 sensor currents at the edge area of the bubble are also higher, 249 pA (197 lM) and 121 pA (140 lM) for ZK40 and AZ31, respectively. H 2 levels for ZK 40 over the 2-month period are shown in Fig. S2d . ZK40 showed H 2 concentration decreasing almost 75% by 8 weeks compared to the first week after implantation. This fastest corroding alloy showed the highest initial concentrations of H 2 , and the greatest decrease over the 8-week period.
Comparing the three alloys, the maximum H 2 concentration generated by the three alloys at the beginning of the study and the percentage decrease in H 2 over the 2-month period both decrease in the order of ZK40 > Mg8H > AZ31. This tracked the corrosion rate as determined by weight loss. Moreover, the layer of precipitation on the explanted alloys is much thicker for the faster corroding implant.
Based on the results from these mice with different alloys, it is seen that the Mg implants with faster corrosion rates generate more H 2 in a given period, resulting in a larger cavity size and higher concentration of H 2 permeating through the mouse skin above the implant as measured by the sensor. Thus, the electrochemical sensor for H 2 appears to be useful for detecting the relative biodegradation rates of different Mg alloys in vivo by a noninvasive procedure.
Correlation of H 2 electrochemical sensor measurement and corrosion rate
In order to determine how well the H 2 sensor measurements correlate with the corrosion rate of the alloys, actual corrosion rates were determined by the weight losses after 2 months implantation. A comparison of the maximum H 2 concentration measured by the H 2 sensor at the center of the cavity, or directly above the implanted sample, with the weight loss is shown in Fig. 4 . Weight loss measurements show that the order of corrosion rate over the 2-month period is ZK40 > Mg8H > AZ31 and that ZK40 biodegrades much faster than AZ31. The weight losses are 75.0%, 32.5%, and 2.4% for ZK40, Mg8H and AZ31, respectively. The graph shows that the maximum H 2 concentration measured is proportional to the weight loss percentage, which is expected because the higher biodegradation rate produces more H 2 . The H 2 measurements shown in Fig. 4 were recorded one week after implantation. Measurements made at this time gave the best correlation between H 2 levels and weight loss than measurements made at other times during the study. This procedure avoided complications posed by routinely releasing gas from the cavities each week to relieve any discomfort to the mice, slowing in the corrosion rate over the two-month period due to formation of a corrosion layer of Mg (OH) 2 and MgCO 3 on the surface of the implant, the decreasing mass of the implant especially for the faster corroding alloys, and variation in the time interval between measurements because of scheduling issues.
The sizes of the gas cavities were measured every week as a part of the animal protocol. The gas cavity volume was estimated based on skin surface dimensions measured with a Vernier caliper. However, correlation of the gas cavity volumes with the H 2 concentrations obtained with the sensor was poor. We attribute this to H 2 in the cavities being released every week for the comfort of the test animals.
In general, the H 2 levels decreased over the time course of the study as corrosion slowed. The H 2 levels measured throughout the study for the slowly corroding AZ31 were relatively consistent from week to week, whereas the levels for the very rapidly corroding ZK40 alloy decreased substantially from the beginning of the study to the end when much of the Mg had corroded.
Conclusion
The remarkably rapid transport of H 2 through skin enables the measurement of H 2 concentration transdermally at the surface of the skin above a biodegrading magnesium sample implanted subcutaneously in mice. Although the concentrations are very low (ca.
30-400 lM in these studies), the electrochemical H 2 sensor has adequate limit of detection to easily measure these levels. Measurements are rapid, taking about 30 s for the sensor to reach a steady reading. Measured H 2 levels correlate with the corrosion rates as determined by weight loss of explanted samples after being implanted for 2 months. Thus, H 2 sensing shows promise as an effective means for monitoring the biodegradation of magnesium alloys in vivo. H 2 sensing has advantages over traditional methods of monitoring biodegradation rate such as weight loss of explanted samples, X-ray measurements, and micro-CT. Compared to weight loss, it gives a measure of biodegradation rate at the time of measurement rather than integrated over the entire time of implantation. Compared to X-ray and micro-CT, the instrumentation is much less expensive and involves no exposure to radiation. The main fundamental limitation of sensing H 2 transdermally is the maximum tissue depth from implant to skin surface that the H 2 can permeate through to produce a sufficiently high concentration for detection by pressing the sensor tip to the skin. Thus, this technique might not be applicable to deep implants such as on the thigh bone where permeation through a thick muscle layer would be necessary. The applicability would also be expected to vary among animals because of physical differences. Practical considerations include the need for periodic calibration of the sensor with H 2 standards at appropriate intervals to ensure that measurements are accurate. In addition, the membrane permeability of the H 2 microsensor changes with time, causing loss in sensitivity of as much as 50% over several months.
Overall, these results lay the foundation for routine H 2 measurement as part of the in vivo testing of devices fabricated from magnesium. The H 2 sensor should give a quick measure of transdermal H 2 levels that arise during biodegradation of an implant such as a plate used for repair of a broken arm, wrist, leg, ankle, foot, or jaw where the metal is directly under the skin of the test animal.
The application of this technology to human patients would depend on the depth and permeability of biological tissue above the implant that H 2 must pass through to be detected. Human skin is generally thicker than mouse skin [54] [55] [56] [57] [58] and also less permeable [59, 60] . The thickness of mouse skin (epidermis and dermis) is approximately 200-500 lm, which is close to that of human skin in some locations such as the eyelid and neck area (380-700 lm) [54] [55] [56] [57] . The average epidermis thickness is 83.7 lm for human skin compared to only 9.4-13.3 lm for mouse skin [56, 57] , and the average dermis thickness for human skin is 908-1339 lm compared to only 200-500 lm for mouse skin [54, 58] . The primary permeability barrier is the outermost layer, the stratum corneum. Clearance of non metabolized solutes from skin is the sum of three separate processes -permeation through the stratum corneum, blood capillary clearance and lymphatic clearance [61] . The fraction of the solute escaping from the skin surface is consequently a ratio of the stratum corneum clearance to the total clearance, rather than being determined by implantation depth only. However, it is fair to say that the deeper the implantation, the lower this ratio will be.
If we take the common rule-of-thumb that rodent stratum corneum is 3-4 times more permeable than human stratum corneum for low molecular weight solutes, and assume furthermore that capillary and lymphatic clearances in human skin and mouse skin are comparable, then a first estimate of the escape rate of H 2 from the skin surface of a human subject with an implant just below the skin surface would be 3-4 times lower than those observed in mouse. This prediction would suggest that it could still be measured using the present H 2 sensors. It is worth verifying experimentally because of the several assumptions built into this estimate. Consequently, transdermal H 2 measurement would be expected to be effective for implants directly beneath the skin, such as on the back of the hand and foot, appendages such as fingers and toes, and on parts of bones such as the arm that are near the surface. The H 2 response would be expected to diminish for deeper implants, especially where the H 2 must permeate through muscle with blood vessels that would carry the H 2 away. The noninvasive feature and simple procedure leads to the possibility of use for point-of-care measurements of biodegradation rates for implants near the skin in humans as part of routine checks at a doctor's office during the healing process.
